Incidence rates of lymphoid neoplasms are usually higher in men than in women for most subtypes, especially T-cell lymphomas, multiple myeloma (MM) and chronic lymphocytic leukaemia (CLL; [@bib22]). Immune suppression, which is the most well-established risk factor for lymphoma, and other possible risk factors, cannot explain this gender pattern. Human lymphocytes, as well as cells from some lymphoma subtypes, including Hodgkin lymphoma, MM, and CLL, can express oestrogen receptors (ERs) *α* and *β* ([@bib27]). During their lifetime, women have higher hormone levels, such as oestrogens, which have been suggested to protect against lymphoma ([@bib12]; [@bib8]), possibly contributing to this pattern.

Numerous synthetic chemicals used with different purposes, such as pesticides, cosmetics, plastic additives, and flame retardants, are capable of interfering with the endocrine system ([@bib11]). Some polychlorinated biphenyls (PCBs), pesticides, and solvents have been associated with an increased risk of lymphoma ([@bib1]). However, the role of other endocrine disrupting chemicals (EDCs) with potential oestrogenic, anti-oestrogenic, or anti-androgenic effect in lymphoma aetiology is unknown. Our aim was to explore the role of occupational exposure to agents with potential endocrine disrupting activity in lymphoma risk using the Epilymph study.

Materials and methods
=====================

Study design and population
---------------------------

The Epilymph study is a multicenter case-control study carried out in six European countries (Spain, France, Germany, Italy, Ireland, and Czech Republic) from 1998 to 2004. In Germany and Italy, selection of controls was accomplished using population registers, while in the other participating countries, controls were identified in the same hospital as cases. Participants with a history of organ transplantation, cancer (other than lymphoma) or known seropositive status for HIV were not included in the analyses. Overall, we included 2457 controls and 2178 incident lymphoma cases. Cases were coded with ICD-O-3, and were classified according to the most recent World Health Organization (WHO) Classification ([@bib23]; [@bib25]). Instead of 'B-cell non-Hodgkin lymphoma\' as was customary, we refer to 'mature B-cell neoplasms\' as in the WHO 2008 classification, this latter category includes MM and CLL in its definition. We mainly present results on mature B-cell neoplasm, as this is the largest lymphoma group. Secondary analyses stratified by subtype (including Hodgkin and T-cell neoplasms) can be found in the [Supplementary Material](#sup1){ref-type="supplementary-material"}. Additional details of the study design have been provided elsewhere ([@bib10]).

Participants were interviewed face-to-face by trained interviewers using the same questionnaire in all countries. Participants listed all full-time jobs held for 1 year or longer. Industrial hygienists in each participating centre coded the occupations using the ISCO-68 coding system. Job codes were translated into the SOC 2000 coding system in order to apply a job-exposure matrix (JEM) for EDCs ([@bib4]). Three experts assigned exposure probability scores for all chemical groups to each of the SOC job titles defined as 'unlikely\', 'possible\', and 'probable\' based on their expertise and a previous bank of coded jobs ([@bib26]). These scores refer to the probability that the occupational exposure level exceeded the background level (through diet, environment, or consumer products) in the general population ([@bib4]). [Supplementary Appendix 1](#sup1){ref-type="supplementary-material"} shows the occupational titles assigned to a possible or probable exposure to EDCs. Exposure assignment was blind to the case-control status and dichotomized into exposed (including exposures categorised as possible and probable) and unexposed. Forty-one participants did not report information on occupational exposures or the information was insufficient to classify exposure and they were excluded from these analyses. See [Supplementary Appendix 2](#sup1){ref-type="supplementary-material"} for the most common occupations of controls and mature B-cell lymphoma according to their longest-held job. We evaluated exposure to several chemical groups with potential oestrogenic, anti-oestrogenic, or anti-androgenic effects including the following: polycyclic aromatic hydrocarbons, polychlorinated organic compounds (including PCBs), pesticides (organochlorines, carbamates, organophosphates, pyrethroids, and other pesticides), solvents (ethylene glycol ethers, styrene, toluene, xylene, trichloroethylene, and perchloroethylene), bisphenol-A, alkylphenolic compounds, brominated flame retardants, metals (arsenic, cadmium, copper, lead, and mercury), and a miscellaneous group (parabens, siloxans, and benzophenones).

Statistical analyses
--------------------

Odds ratios (ORs) for lymphoma were computed as estimates of relative risk using unconditional logistic regression. All models were adjusted for age, sex, education, and country. Potential confounding effects of number of children, body mass index (BMI), ever smoking, regular intake of alcoholic beverages, and ever using hair dyes were examined, but none of them altered the estimates for mature B-cell neoplasms by more than 10%. Because occupational exposure to solvents has been previously associated with lymphoma, we analysed associations among the unexposed to solvents, and we included ever exposure to organic solvents as a covariate in the regression models evaluating specific groups of chemicals. Duration, age at first exposure, and time since last exposure were calculated based on the years at start and stop reported for each job. Data were missing for \<5% of subjects for all variables, except for BMI, which reached 9% because its measure was introduced at a later stage in the study. We used generalised additive models to inspect the linearity of associations on duration of exposures. We used the MC-SIMEX method to correct estimates for measurement error of the exposure ([@bib17]) fitting a quadratic regression to extrapolate the SIMEX OR estimate with no measurement error; a non-differential arbitrary sensitivity and specificity of 85% for binary exposures measured with the JEM were postulated as the misclassification probabilities.

Results
=======

Compared with controls, cases were less likely to report high BMI, and to have a lower parity (among women; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Overall, we did not observe associations between lymphoma and ever workplace exposure to EDCs ([Table 1](#tbl1){ref-type="table"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Subjects occupationally exposed to any EDC at the time of interview (i.e., currently exposed) had a modestly elevated risk of mature B-cell lymphoma (OR=1.29, 95% confidence interval (CI)=1.04--1.60, [Table 1](#tbl1){ref-type="table"}). Age at first exposure did not affect lymphoma risk. Duration of exposure to EDCs (i.e., years of work in jobs with exposure to EDCs) showed an upward trend in risk for mature B-cell lymphoma (OR=1.24, 95% CI=1.01--1.51 for \>30 years of exposure; *P*-trend=0.02, [Table 1](#tbl1){ref-type="table"}). Estimates for associations on duration of the exposure among the unexposed to solvents were of the same magnitude, although CIs were wide. Among the unexposed to pesticides, increased risks seemed to occur mainly after an exposure period of 10--30 years ([Figure 1](#fig1){ref-type="fig"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Among currently exposed workers, associations were observed for those exposed for 10 years or longer (OR=1.35, 95% CI=1.08--1.70), but not those exposed for less than 10 years (OR=0.97, 95% CI=0.62--1.53; data not shown). Correcting for misclassification of exposure yielded an OR=1.32 (95% CI=1.04--1.68) for \>10 years of exposure ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}).

[Table 2](#tbl2){ref-type="table"} shows associations between mature B-cell neoplasms and a 10 years increase in exposure to individual chemicals. Significant associations were observed for each component in the pesticide group, as well as for ethylene glycol ethers, alkylphenolic ethoxylates, and copper. However, independent effects were difficult to assess due to the correlation between exposures ([Supplementary Table S5](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Increasing risks by duration of exposure were mostly observed among men, while associations were null among women; however, no significant interaction was detected between sex and exposure to EDCs ([Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). Analyses by lymphoma subtype showed associations with EDCs mainly among MM and CLL ([Supplementary Tables S6 and S7](#sup1){ref-type="supplementary-material"}). Mature T-cell neoplasms and Hodgkin lymphoma also showed associations with certain EDCs, such as alkylphenolic compounds ([Supplementary Tables S2 and S7](#sup1){ref-type="supplementary-material"}), while no significant associations were observed for FL or DLBCL.

Discussion
==========

In this large case-control study, we observed an increase in the risk for specific mature B-cell lymphoma subtypes with recent and prolonged occupational exposure to endocrine disruptors. Increased risks were observed among men, and associations were null among women, which could contribute to explaining the differences in lymphoma incidence between gender. Significant associations were observed for exposures to EDCs that lasted 30 years or more, while associations were null for exposures that lasted \<10 years. Also, recent exposures were associated with an increased risk, while null risks were observed 15 years after the exposure. Associations with current exposures could reflect a better performance of the JEM for recent exposures. However, we would expect that the association with a recent+short exposure to EDCS would also be positive, whereas this association was null. This suggests that prolonged exposures may increase risk although this risk may decrease with increasing years after cessation of exposure. Reproductive hormones interact with lymphoid cells in several ways, and women produce a more vigorous cellular and humoral response than men ([@bib3]). Some lymphoma subtypes express ERs ([@bib27]), and certain endocrine disruptors have been previously reported as lymphoma risk factors ([@bib1]). We observed associations with exposures to organic solvents, pesticides, certain metals, brominated flame retardants, and alkylphenolic compounds.

Among the EDCs included in the JEM that we applied, associations with lymphoma risk have been previously reported for PCBs, solvents, and pesticides, although with inconsistencies as some of the reports have been negative ([@bib1]). As only 11 subjects were classified as exposed to PCBs, our study was underpowered to explore the association with lymphoma risk. Our results partially overlap with a previous evaluation of occupational exposure to pesticides and solvents (including others than EDCs) and lymphoma risk, using the assessment of industrial hygienists ([@bib6], [@bib5]). They are significant and concordant with these former results, and other published papers ([@bib1]).

Other potential EDCs have rarely been assessed. The few human studies have been negative, inconsistent or too small to show an association with brominated flame retardants or with polycyclic aromatic hydrocarbons ([@bib14]; [@bib9]; [@bib28]). We observed significant associations with alkylphenolic compounds, which have been widely used in occupational settings as surfactant in cleaning agents, as well as in emulsion polymerisation, and textile and leather auxiliaries. Apart from oestrogenic and weak anti-androgenic activities ([@bib16]; [@bib18]), alkylphenols can interact with the immune system, increasing interleukin (IL)-4 and TNF-*α*, and suppressing IL-10, IFN-*α* and IFN-*β* ([@bib15]). Alkylphenolic compounds have been detected in blood or urine in approximately half of the adult population ([@bib13]), but their role in human health, including their carcinogenicity, is largely unknown. Our results also showed increased risks with increasing duration of exposure to metals, in particular for CLL. Some studies have suggested that working in metal-related jobs might increase risk of lymphoma ([@bib2]; [@bib19]; [@bib24]). However, some of these occupations have concomitant exposure to solvents, and previous studies have not determined whether associations were driven by solvents.

Our associations were consistent with the reported ER interaction scores of the different chemicals evaluated. ER interaction scores are constructed to reflect both potency and efficacy of EDCs in regard to their potential to interfere with the ER signalling pathway ([@bib21]). ER interaction scores were higher for bisphenol-A (for which our study was underpowered), and alkylphenolic compounds (ER interaction score=52 and 51, respectively), and some of the pesticides, such as organochlorines (ER interaction score=37), while other chemicals had lower scores ([@bib21]). However, our associations were moderate in magnitude, and other carcinogenic pathways may explain them. Apart from endocrine disruption, oxidative stress, DNA methylation, disruption of methyltransferases activity, and reduction of S-adenosyl-methionine, among others, have also been proposed for chemicals such as pesticides ([@bib7]). The main limitation of this study is the potential for misclassification of the exposure. However, in case of truly positive associations, this would result in the attenuation of estimates for binary and continuous exposures ([@bib20]), which would strengthen our conclusions, as supported by our sensitivity analyses with MC-SIMEX. Some of the reported associations may be due to chance because we have performed multiple comparisons. Also, independent effects were difficult to assess, as the exposures to different chemicals were correlated. Other routes of exposures, such as diet, might contribute to the EDCs intake, but we did not have dietary information. Strengths of our study include the large sample size that allowed us to analyse exposures using an updated classification of lymphoma subtypes. Also, we have evaluated a large number of chemicals not previously assessed as lymphoma risk factors, exploring new hypotheses on possible aetiological mechanism of lymphoma development.

In conclusion, this is, to our knowledge, the first comprehensive study assessing the occupational exposure to EDCs and lymphoma risk. We assessed exposure to chemicals with potential endocrine disrupting properties, using a large sample size and accurate information on histological subtypes. We observed associations with some lymphoma subtypes for recent and prolonged exposures to several EDCs. Studies using a more detailed exposure assessment are warranted.
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Click here for additional data file.

![**Smooth splines for the effect duration of occupational exposure to endocrine disruptors in generalised additive models with two cutpoints for mature B-cell lymphoma.** Model adjusted for age, sex, country, and education level. Smooth estimates are represented in solid lines and 95% confidence intervals in dashed lines. Years of exposure \>50 have been omitted from the graph (3.4% of exposed participants). (**A**) Jobs without exposure to EDCs. (**B**) Jobs with exposure to any EDC. (**C**) Jobs with exposure to any EDC, excluding those participants exposed to solvents. (**D**) Jobs with exposure to any EDC, excluding those participants exposed to pesticides. (**E**) Jobs with exposure to any EDC, among males. (**F**) Jobs with exposure to any EDC, among females.](bjc201583f1){#fig1}

###### Associations of occupational exposures to endocrine disruptors and risk of mature B-cell neoplasms

                                                                                   **Overall**   **Men**   **Women**                                                                          
  -------------------------------------------------------------------------------- ------------- --------- ------------------ ----- ----- -------------------- ----- ----- ------------------ --------
  **Ever held a job with exposure to any endocrine disruptor**                                                                                                                                
  Unlikely[a](#t1-fn2){ref-type="fn"}                                              901           588       Ref                358   247   Ref                  543   341   Ref                 
  Possible (never probable)                                                        591           438       1.11 (0.93,1.32)   386   286   1.16 (0.92,1.46)     205   152   1.03 (0.79,1.34)   *0.89*
  Probable                                                                         838           633       1.07 (0.91,1.26)   551   415   1.10 (0.87,1.39)     287   218   1.04 (0.82,1.33)    
  Never worked[b](#t1-fn3){ref-type="fn"}                                          115           51        0.72 (0.50,1.03)   15    6     1.05 (0.39,2.82)     100   45    0.67 (0.45,1.00)    
  **Age at first exposure**[c](#t1-fn4){ref-type="fn"}                                                                                                                                        
  \<15                                                                             466           379       1.12 (0.92,1.36)   307   254   1.19 (0.91,1.55)     159   125   1.04 (0.77,1.40)   *0.96*
  15--19                                                                           576           421       1.12 (0.94,1.34)   393   280   1.15 (0.91,1.46)     183   141   1.09 (0.83,1.43)    
  20+                                                                              383           269       1.05 (0.87,1.28)   235   166   1.06 (0.81,1.38)     148   103   1.04 (0.78,1.39)    
  *P*-trend[d](#t1-fn5){ref-type="fn"}                                                                     0.50                           0.51                             0.78                
  **Time since last exposure**[c](#t1-fn4){ref-type="fn"}                                                                                                                                     
  Current                                                                          338           237       1.29 (1.04,1.60)   262   189   1.39 (1.06,1.83)\*   76    48    1.12 (0.75,1.66)   *0.91*
  \<14                                                                             428           319       1.12 (0.92,1.36)   321   241   1.13 (0.88,1.45)     107   78    1.11 (0.79,1.55)    
  15+                                                                              658           512       1.01 (0.86,1.20)   351   270   0.99 (0.78,1.27)     307   242   1.02 (0.80,1.31)    
  *P*-trend[d](#t1-fn5){ref-type="fn"}                                                                     0.01                           0.01                             0.50                
  **Total years of exposure to endocrine disruptors**[c](#t1-fn4){ref-type="fn"}                                                                                                              
  \<10                                                                             551           341       0.98 (0.82,1.18)   297   170   0.97 (0.75,1.26)     254   171   0.97 (0.76,1.25)   *0.38*
  10--29                                                                           460           352       1.17 (0.97,1.41)   302   213   1.13 (0.87,1.46)     158   139   1.23 (0.93,1.64)    
  30+                                                                              409           374       1.24 (1.01,1.51)   332   317   1.32 (1.03,1.70)\*   77    57    0.98 (0.67,1.45)    
  *P*-trend                                                                                                0.02                           0.02                             0.46                

Abbreviations: CI=confidence interval; OR=odds ratio. \**P*\<0.05.

Reference category for all comparisons. All models were adjusted for age, education, sex, and country.

Participants who uniquely held occupations described as unemployment, retirement, student, family work (housewifes), or illness.

Probable and possible exposures to endocrine disruptors are combined.

Among exposed.

###### Duration of exposures to endocrine disruptors and risk of mature B-cell neoplasms. Estimates for 10 years increase of occupational exposure to endocrine disruptors

                                         **Overall**   **Men**   **Women**                                                                              
  -------------------------------------- ------------- --------- -------------------- ----- ----- ---------------------- ----- ----- ------------------ --------
  Unexposed[a](#t2-fn2){ref-type="fn"}   901           588       Ref                  358   247   Ref                    543   341   Ref                 
  **Pesticides**                                                                                                                                        
  Organochlorines                        442           347       1.10 (1.00,1.20)\*   275   227   1.13 (1.02,1.26)\*     167   120   1.00 (0.85,1.17)   *0.13*
  Carbamates/pyrethroids                 507           391       1.11 (1.02,1.21)\*   337   268   1.15 (1.04,1.27)\*\*   170   123   0.99 (0.84,1.16)   *0.11*
  Organophosphates                       467           366       1.10 (1.01,1.20)\*   297   245   1.14 (1.03,1.26)\*     170   121   1.00 (0.85,1.17)   *0.11*
  **Organic Solvents**                                                                                                                                  
  Ethylene glycol ethers                 943           719       1.06 (1.00,1.12)\*   595   454   1.08 (1.01,1.16)\*     348   265   1.01 (0.92,1.12)   *0.34*
  Styrene                                38            33        0.96 (0.67,1.39)     27    21    1.05 (0.65,1.70)       11    12    0.90 (0.49,1.62)   *0.74*
  Toluene/xylene                         735           565       1.05 (0.99,1.11)     504   389   1.08 (1.00,1.16)\*     231   176   0.97 (0.87,1.09)   *0.18*
  Trichloroethylene                      320           222       1.00 (0.90,1.11)     262   181   1.01 (0.90,1.14)       58    41    0.97 (0.71,1.34)   *0.94*
  Perchloroethylene                      315           223       1.00 (0.90,1.12)     254   175   1.01 (0.89,1.14)       61    48    1.04 (0.76,1.43)   *0.73*
  **Alkylphenolic compounds**                                                                                                                           
  Alkylphenolic ethoxylates              736           578       1.07 (1.00,1.15)\*   393   298   1.11 (1.02,1.22)\*     343   280   1.01 (0.90,1.13)   *0.40*
  Alkylphenols                           466           379       1.06 (0.98,1.16)     285   238   1.12 (1.01,1.24)\*     181   141   0.94 (0.81,1.10)   *0.12*
  **Metals**                                                                                                                                            
  Cadmium                                108           77        0.90 (0.69,1.19)     62    64    0.89 (0.66,1.20)       16    13    0.89 (0.35,2.25)   *0.67*
  Arsenic                                78            80        1.06 (0.87,1.30)     99    72    1.05 (0.85,1.29)       9     8     2.10 (0.61,7.20)   *0.27*
  Copper                                 824           617       1.07 (1.00,1.14)\*   583   433   1.10 (1.02,1.19)\*     241   184   0.97 (0.84,1.11)   *0.14*
  Lead                                   508           383       1.03 (0.95,1.12)     432   336   1.06 (0.97,1.16)       76    51    0.77 (0.55,1.08)   *0.09*
  Mercury                                14            6         1.27 (0.84,1.93)     6     5     1.25 (0.77,2.02)       4     1     1.15 (0.47,2.79)   *0.72*

Abbreviations: CI=confidence interval; OR=odds ratio. \**P*\<0.05; \*\**P*\<0.01.

Reference category for all comparisons. All models were adjusted for age, education, sex, country and ever exposure to organic solvents (except for estimates on organic solvents).
